The typical motor has poor heat dissipation conditions that are limited by the installation space and working environment, and the high operation temperature increase has been a bottleneck to improve the power density and torque density. The inner rotor motor is considered to be the research object, and an oil-cooling structure for end winding and stator core is proposed. The heat inside the motor is mainly carried away through the lubricating oil in the form of heat conduction and convection heat transfer. The 3d motor model was built using the ANSYS software. The temperature field of the motor was simulated to analyze the temperature distribution inside the motor under rated and peak working conditions. The low-speed high-torque test and one-hour temperature-rise test of the motor prototype were performed on a bench built in the laboratory. The comparison between the test results with water-cooled motor shows that the temperature-rise rate of oil-cooled motor with the same electromagnetic structure is slower than that of water-jacketed cooled motor, and the temperature difference between the front and back of the motor decreases by 18 • C in half an hour. The oil-cooled method has a good cooling effect on the stator core and works for longer time under rated conditions.
Introduction
A hub motor must have high-torque density which can effectively reduce the vehicle under sprung mass. It should have a large efficient working range to reduce the motor loss in the process of driving. There are two ways to improve the torque density of hub motors: one is to increase the effective air gap area in the same volume, the second is to increase electrical load and magnetic load within the linear range. It is necessary to explore the electromagnetic structure of the new hub motor to increase the effective air gap area of the motor. In order to improve the electrical load and magnetic load in the linear range as far as possible, it is necessary to design a reasonable cooling structure [1, 2] .
In the traditional oil-cooling method, the stator and rotor of the motor are immersed in the cooling oil, and the cooling effect is good. However, the cooling oil must pass through the blade agitation, which results in a large energy loss at high speed. With the research of the oil-cooling mode, there are increasingly many new oil-cooled structures in the motor. Li Ye separated the stator and rotor of the motor with the ultra-thin casing made of glass fiber, and directly cooled the end winding by the cooling oil in the sleeve, which reduced the average temperature of the motor by 40% [3] [4] [5] [6] [7] . Camilleric presented a thermal fluid flow model to directly predict the temperature and flow distribution of the oil-cooled motor, establish the numerical model to predict the motor section stator temperature distribution, identify hotspots and its location, and cause the hot spot temperature to reduce by 13 • C by improving the motor stator flow geometry. The error was within 6% compared with the experimental results through measuring the 1/4 model of the stator [8] [9] [10] [11] [12] [13] . Lindh used the double stator permanent magnet synchronous motor with 100 kW as the research object, and set up stainless-steel coolant pipes for cooling. That research found that the direct cooling reduced the temperature by approximately 50 • C compared with the indirect cooling method.
Motor losses are mainly concentrated in the windings and core, so it is necessary to design the cooling structure to make the oil as close as possible to the heat source to improve the cooling effect [14] [15] [16] [17] [18] [19] [20] . The above cooling forms are mainly only cooling for the end winding or stator core. They are not simultaneously cooling multiple heat sources from inside the motor. Therefore, the cooling structure is designed by passing the oil through the end oil cover and stator core holes, which is mainly aimed at the end winding and stator core to improve the cooling effect, and the hub motor power density and torque density.
Oil-Cooled Structure Model of Hub Motor
In order to improve the torque density of hub motor, the design scheme of fractional slot concentrated winding is adopted. The application process of the high-power density motor has the characteristics of small volume, light quality and high reliability; however, the improvement of power density means the motor loss density increases and the speeding up of the temperature rise, which will accelerate the internal insulation aging and reduce the reliability of the motor. Therefore, a reasonable cooling system is needed to cool the motor and ensure its normal operation [21] [22] [23] [24] .
The oil-cooling structure is best to achieve the following characteristics:
1. It can ensure the safe and stable operation of the motor within the range of temperature rise and the operating environment; 2.
Fluid surface heat transfer coefficient is large enough, and heat exchange is sufficient, and efficient; 3.
The resistance coefficient of lubricating oil is small along the pipeline; 4.
The original structural elements of the motor should be kept as much as possible, especially the heat transfer path should be kept unchanged; 5.
Oil road section shape should be uniform, the number of elbows should be small, the local resistance of elbows should be as small as possible; 6.
Easy to use and maintain.
The motor is composed of shell, front end cover, back end cover, rotor, stator and shaft. Leading and rear oil guide covers are designed at both ends of the stator. The end winding is immersed in oil for cooling. A single oil outlet is arranged above the shell, and a double oil inlet is arranged below the shell. There is an axial oil channel at the yoke of the stator, as shown in the white arrow in Figure 1 , which can connect the oil in the front and rear oil cover packages and cool the stator core at the same time. Heat inside the motor is mainly carried away by lubricating oil in the form of conduction and convection, and the oil is cooled by water through heat exchange. This oil-cooling method can not only effectively cool the end winding, but also cool the silicon steel sheet of the motor, which can greatly reduce the motor internal temperature rise and improve the power density of the motor. Motor parameters are shown in Table 1 . stainless-steel coolant pipes for cooling. That research found that the direct cooling reduced the temperature by approximately 50 °C compared with the indirect cooling method.
1. It can ensure the safe and stable operation of the motor within the range of temperature rise and the operating environment; 2. Fluid surface heat transfer coefficient is large enough, and heat exchange is sufficient, and efficient; 3. The resistance coefficient of lubricating oil is small along the pipeline; 4. The original structural elements of the motor should be kept as much as possible, especially the heat transfer path should be kept unchanged; 5. Oil road section shape should be uniform, the number of elbows should be small, the local resistance of elbows should be as small as possible; 6. Easy to use and maintain.
The motor is composed of shell, front end cover, back end cover, rotor, stator and shaft. Leading and rear oil guide covers are designed at both ends of the stator. The end winding is immersed in oil for cooling. A single oil outlet is arranged above the shell, and a double oil inlet is arranged below the shell. There is an axial oil channel at the yoke of the stator, as shown in the white arrow in Figure  1 , which can connect the oil in the front and rear oil cover packages and cool the stator core at the same time. Heat inside the motor is mainly carried away by lubricating oil in the form of conduction and convection, and the oil is cooled by water through heat exchange. This oil-cooling method can not only effectively cool the end winding, but also cool the silicon steel sheet of the motor, which can greatly reduce the motor internal temperature rise and improve the power density of the motor. Motor parameters are shown in Table 1 . 
Temperature Field Simulation
At present, the most commonly used numerical methods of temperature field are the equivalent thermal network method and the finite element method. The finite element method has good boundary adaptability and high precision, but it takes a long time to solve. In this section, ANSYS simulation software is used to study and analyze the temperature distribution inside the motor under rated working conditions and peak torque working conditions. The motor structure is shown in Figure 2 and the cooling structure is shown in Figure 1 .
The finite element method is a highly efficient and commonly used numerical method. Discrete the continuous solution domain into a group of elements, and use the approximation function assumed in each element to solve the unknown field function to be solved in the domain. The approximate function is usually expressed by the unknown field function and the numerical interpolation function of its derivative at each node of the element. Therefore, a continuous infinite degree of freedom problem becomes a discrete finite degree of freedom problem. ANSYS has powerful pre-modeling and post-data processing modules. It can automatically divide the grid in a visual and quick way and generate the data for finite element analysis. The calculated results are arranged into deformation map and equivalent distribution map according to requirements, which is convenient for extremum First, the following assumptions are made before establishing the motor simulation model [29, 30] : 1) due to the superposition of the axial silicon steel sheet of the motor, the thermal conductivity is small, so the axial thermal conductivity of the motor is ignored; 2) do not consider the heat dissipation of the end winding of the motor; 3) the assembly clearance between the outer surface of the stator and the housing and the clearance between the inner surface of the rotor and the shaft are ignored.
Based on the above assumptions, the complex three-dimensional model inside the motor is simplified into a two-dimensional model for temperature field analysis. In order to ensure the calculation speed of the model, the 1/12 model of the motor is selected for analysis considering the symmetry of the motor, and the model is established as shown in Figure 3 The mesh generation diagram is shown in Figure 4 Create quadrilateral structural mesh for shaft and stator planes, mesh size is 5. Rotor and permanent magnet planes are also quadrilateral structural mesh, and mesh size The finite element method is a highly efficient and commonly used numerical method. Discrete the continuous solution domain into a group of elements, and use the approximation function assumed in each element to solve the unknown field function to be solved in the domain. The approximate function is usually expressed by the unknown field function and the numerical interpolation function of its derivative at each node of the element. Therefore, a continuous infinite degree of freedom problem becomes a discrete finite degree of freedom problem. ANSYS has powerful pre-modeling and post-data processing modules. It can automatically divide the grid in a visual and quick way and generate the data for finite element analysis. The calculated results are arranged into deformation map and equivalent distribution map according to requirements, which is convenient for extremum search and list transmission of required data [25] [26] [27] [28] .
First, the following assumptions are made before establishing the motor simulation model [29, 30] :
(1) due to the superposition of the axial silicon steel sheet of the motor, the thermal conductivity is small, so the axial thermal conductivity of the motor is ignored; (2) do not consider the heat dissipation of the end winding of the motor; (3) the assembly clearance between the outer surface of the stator and the housing and the clearance between the inner surface of the rotor and the shaft are ignored.
Based on the above assumptions, the complex three-dimensional model inside the motor is simplified into a two-dimensional model for temperature field analysis. In order to ensure the calculation speed of the model, the 1/12 model of the motor is selected for analysis considering the symmetry of the motor, and the model is established as shown in Figure 3 The mesh generation diagram is shown in Figure 4 Create quadrilateral structural mesh for shaft and stator planes, mesh size is 5. Rotor and permanent magnet planes are also quadrilateral structural mesh, and mesh size is 3. Create triangular grid for winding wedge-shaped regions, and radiate outward along the wedge-shaped regions, quadrilateral structural mesh is used. Mesh size is 1. There are three kinds of losses in motor operation: stator winding copper loss, core loss and mechanical loss. This motor mainly studies winding copper loss and core loss.
Combined with temperature correction and frequency correction, the AC/DC resistance ratio ( / ) of the motor at different operating frequencies and temperatures can be corrected, so that Equation (1) can be used to quickly calculate the copper loss of the motor within the whole operating range.
The improved formula based on Bertotti trinomial model is adopted. The hysteresis loss, eddy current loss and additional loss of stator core are: 
Br and Bt are radial and tangential flux densities in the core. According to the above parameters, set the corresponding material properties and boundary conditions in the motor model. Set the temperature of water and oil to 25 °C. There are three kinds of losses in motor operation: stator winding copper loss, core loss and mechanical loss. This motor mainly studies winding copper loss and core loss.
Combined with temperature correction and frequency correction, the AC/DC resistance ratio (R ac /R dc ) of the motor at different operating frequencies and temperatures can be corrected, so that Equation (1) can be used to quickly calculate the copper loss of the motor within the whole operating range.
The improved formula based on Bertotti trinomial model is adopted. The hysteresis loss, eddy current loss and additional loss of stator core are:
B r and B t are radial and tangential flux densities in the core. According to the above parameters, set the corresponding material properties and boundary conditions in the motor model. Set the temperature of water and oil to 25 • C. Figure 5a is the simulation result of water jacket cooling under rated working conditions, and Figure 5b is the simulation result of oil cooling at the same conditions. By comparing the temperature distributions of the two cooling modes, we can see that the highest temperature occurs in the windings, and the temperature rises of the stator windings under the two cooling methods are relatively high. The temperature of the stator yoke is lower than that of water cooling, which indicates that the axial oil cooling of the stator has a good cooling effect on the iron core. Most of the heat of rotor and permanent magnet is taken away by oil liquid. The temperature of rotor and permanent magnet drops to 100 • C, which is about 15% lower than only water cooling. It can effectively reduce the influence of temperature rise on permanent magnet. The temperature of permanent magnet decreases from 127 • C to 102 • C, which can reduce the possibility of permanent magnet demagnetization and improve the ability of motor to adapt to high temperature working environment. 
Analysis of Rated Operating Conditions Simulation Results

Figure 5a is the simulation result of water jacket cooling under rated working conditions, and Figure 5b is the simulation result of oil cooling at the same conditions. By comparing the temperature distributions of the two cooling modes, we can see that the highest temperature occurs in the windings, and the temperature rises of the stator windings under the two cooling methods are relatively high. The temperature of the stator yoke is lower than that of water cooling, which indicates that the axial oil cooling of the stator has a good cooling effect on the iron core. Most of the heat of rotor and permanent magnet is taken away by oil liquid. The temperature of rotor and permanent magnet drops to 100 °C, which is about 15% lower than only water cooling. It can effectively reduce the influence of temperature rise on permanent magnet. The temperature of permanent magnet decreases from 127 °C to 102 °C, which can reduce the possibility of permanent magnet demagnetization and improve the ability of motor to adapt to high temperature working environment. Figure 6 shows the simulation results of oil cooling and water cooling under peak conditions, and (a) shows the temperature variation under water cooling, (b) is the temperature variation diagram of oil-cooling mode. Winding and rotor temperature change under peak condition trend the same measurement with the rated conditions, stator and permanent magnet temperature obviously drops with oil cooling, but because the winding temperature rises to 160 °C, so the motor cannot work for a long time under peak conditions. Figure 6 shows the simulation results of oil cooling and water cooling under peak conditions, and (a) shows the temperature variation under water cooling, (b) is the temperature variation diagram of oil-cooling mode. Winding and rotor temperature change under peak condition trend the same measurement with the rated conditions, stator and permanent magnet temperature obviously drops with oil cooling, but because the winding temperature rises to 160 • C, so the motor cannot work for a long time under peak conditions. 
Analysis of Peak Operating Conditions Simulation Results
Motor Test Analysis
The test principle of the prototype of the motor is shown in Figure 7 . A 900-voltage DC power supply was used to supply the power. The torque and rotation speed of the motor were tested by the torque and rotation speed measuring instrument. The dynamometer was used as the loading device. It was necessary to test the running state, performance, vibration and temperature rise of the motor under different working conditions.
The oil-cooled motor test bench with rated power of 90 kW is shown in Figure 8 . There is an oil discharging port at the end of the motor. The oil outlet is at the top of the motor, and the temperature sensor of outlet oil is attached to the oil outlet wall. A temperature sensor is embedded in the motor to test the temperature of the end winding. The performance of the motor was evaluated by one-hour temperature-rise test of rated power and low-speed high-torque test. Zero drift values have been subtracted from the current values in the data. 
The test principle of the prototype of the motor is shown in Figure 7 . A 900-voltage DC power supply was used to supply the power. The torque and rotation speed of the motor were tested by the torque and rotation speed measuring instrument. The dynamometer was used as the loading device. It was necessary to test the running state, performance, vibration and temperature rise of the motor under different working conditions. The oil-cooled motor test bench with rated power of 90 kW is shown in Figure 8 . There is an oil discharging port at the end of the motor. The oil outlet is at the top of the motor, and the temperature sensor of outlet oil is attached to the oil outlet wall. A temperature sensor is embedded in the motor to test the temperature of the end winding. The performance of the motor was evaluated by one-hour temperature-rise test of rated power and low-speed high-torque test. Zero drift values have been subtracted from the current values in the data. Figure 9 shows the oil-water heat exchanger to cool the oil flowing from the outlet pipe. Figure  10 shows the oil barrel. The submersible oil pump is fixed in the oil barrel. The oil inlet temperature sensor is on the side of the oil pump. No. 32 Great Wall lubricating oil is used in the research, which can meet the insulation requirements. The flow rate of the oil pump is 18 L/min. Figure 9 shows the oil-water heat exchanger to cool the oil flowing from the outlet pipe. Figure 10 shows the oil barrel. The submersible oil pump is fixed in the oil barrel. The oil inlet temperature sensor is on the side of the oil pump. No. 32 Great Wall lubricating oil is used in the research, which can meet the insulation requirements. The flow rate of the oil pump is 18 L/min. Figure 9 shows the oil-water heat exchanger to cool the oil flowing from the outlet pipe. Figure  10 shows the oil barrel. The submersible oil pump is fixed in the oil barrel. The oil inlet temperature sensor is on the side of the oil pump. No. 32 Great Wall lubricating oil is used in the research, which can meet the insulation requirements. The flow rate of the oil pump is 18 L/min. Figure 11 shows the electric-driven test bench, and the dynamometer was used as the loading device. Torque, rotation speed, power, voltage, current and other parameters were set by the numerical control test bench for EV (Electric Vehicle) power drive system. The cooling equipment was used to cool the dynamometer. The motor under test was connected with the gearbox by two elastic couplings. The torque and speed measuring instrument were used to test the torque and speed parameters of the motor. Figure 11 shows the electric-driven test bench, and the dynamometer was used as the loading device. Torque, rotation speed, power, voltage, current and other parameters were set by the numerical control test bench for EV (Electric Vehicle) power drive system. The cooling equipment was used to cool the dynamometer. The motor under test was connected with the gearbox by two elastic couplings. The torque and speed measuring instrument were used to test the torque and speed parameters of the motor. Figure 10 . Oil drum. Figure 11 shows the electric-driven test bench, and the dynamometer was used as the loading device. Torque, rotation speed, power, voltage, current and other parameters were set by the numerical control test bench for EV (Electric Vehicle) power drive system. The cooling equipment was used to cool the dynamometer. The motor under test was connected with the gearbox by two elastic couplings. The torque and speed measuring instrument were used to test the torque and speed parameters of the motor. During the test, the motor torque gradually decreases, from the Figure 12 , we can see that the initial temperature of the motor winding is Tm1 = 40.8 °C, and the initial oil temperature Tw1 = 26.8 °C.
After working for one hour, motor winding temperature Tm2 = 116.3 °C, oil temperature Tw2 = 55 °C. The temperature-rise curve of water-cooled motor after half an hour for the rated conditions is represented by the orange curve. By comparing the temperature-rise curve of the motor with the water-cooled structure, it can be seen that the temperature-rise speed of the water-cooled motor is fast. The motor temperature rises to 75 °C in half an hour, while the motor temperature rises 57 °C in half an hour by oil-cooled motor. This indicates that the oil-cooled motor has a better cooling effect and can work for longer under rated conditions. The motor efficiency contains the efficiency of the controller, which can only be estimated without actual measurement. During the test, the motor torque gradually decreases, from the Figure 12 , we can see that the initial temperature of the motor winding is T m1 = 40.8 • C, and the initial oil temperature T w1 = 26.8 • C. After working for one hour, motor winding temperature T m2 = 116.3 • C, oil temperature T w2 = 55 • C. The temperature-rise curve of water-cooled motor after half an hour for the rated conditions is represented by the orange curve. By comparing the temperature-rise curve of the motor with the water-cooled structure, it can be seen that the temperature-rise speed of the water-cooled motor is fast. The motor temperature rises to 75 • C in half an hour, while the motor temperature rises 57 • C in half an hour by oil-cooled motor. This indicates that the oil-cooled motor has a better cooling effect and can work for longer under rated conditions. The motor efficiency contains the efficiency of the controller, which can only be estimated without actual measurement. Figure 11 shows the electric-driven test bench, and the dynamometer was used as the loading device. Torque, rotation speed, power, voltage, current and other parameters were set by the numerical control test bench for EV (Electric Vehicle) power drive system. The cooling equipment was used to cool the dynamometer. The motor under test was connected with the gearbox by two elastic couplings. The torque and speed measuring instrument were used to test the torque and speed parameters of the motor. During the test, the motor torque gradually decreases, from the Figure 12 , we can see that the initial temperature of the motor winding is Tm1 = 40.8 °C, and the initial oil temperature Tw1 = 26.8 °C. After working for one hour, motor winding temperature Tm2 = 116.3 °C, oil temperature Tw2 = 55 °C. The temperature-rise curve of water-cooled motor after half an hour for the rated conditions is represented by the orange curve. By comparing the temperature-rise curve of the motor with the water-cooled structure, it can be seen that the temperature-rise speed of the water-cooled motor is fast. The motor temperature rises to 75 °C in half an hour, while the motor temperature rises 57 °C in half an hour by oil-cooled motor. This indicates that the oil-cooled motor has a better cooling effect and can work for longer under rated conditions. The motor efficiency contains the efficiency of the controller, which can only be estimated without actual measurement. It can be seen from the Tables 2 and 3 that the maximum output torque of the motor is 1811 Nm, the mass of the motor is 96 Kg, and the torque density of the motor is 18.9 Nm/Kg. At low speed and high-torque condition, the motor has low efficiency and large energy loss, which accelerates the temperature rise of motor winding. In one minute, the temperature of motor winding reaches 130 • C. The motor cannot work for a long time under this state. According to the matching results of vehicle power performance parameters, on dry soil roads, the maximum speed of the 8 × 8 mode climbing 60% slope is 10 km/h (500 r/min), the corresponding single motor should output torque of 916 Nm and power of 48 kW, and the winding temperature can reach 140 • C at this time. When Grade F insulation is adopted, its maximum allowable operating temperature is 155 • C. The oil-cooling technology inside the motor can meet the cooling requirements. 
Conclusions
For motors, water jacket cooling is problematic due to complicated pipeline connections. The sealing structure has insulation safety problems due to the water-cooled circuit. Therefore, a direct oil-cooling method is proposed, which adopts the cooling structure of the end winding with oil immersion and the axial oil passage cooling of the yoke of the stator.
According to the test results of oil-cooled motor under rated working conditions, it can be seen that the temperature-rise rate of oil-cooled motor with the same electromagnetic structure is slower than that of water-jacketed cooled motor, and the temperature difference between the front and back of the motor decreases by 18 • C in half an hour. This indicates that the oil-cooled effect is better, and the oil-cooled motor can work for longer periods under rated working conditions. When the vehicle climbs 60% of the slope in the mode of 8 × 8, the motor works at low speed and high torque. The output torque of the single motor is 916 Nm, and the peak torque of the motor is 1800 Nm, meeting the torque output requirements. Meanwhile, the selection of Grade F insulation material can meet the requirements of the motor for short-term temperature rise under these conditions. Author Contributions: F.G. completed the first draft of the paper. C.Z. finished the proofreading and modification of the manuscript. 
Conflicts of Interest:
The authors declare no conflict of interest.
